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Abstract: Common ravens (ravens; Corvus corax), an adaptable, synanthropic generalist,

have thrived coincident with increasing human landscape modifications and fragmentation,
consequently affecting their prey, which are often sensitive native and protected species.
Ravens are a conservation concern for the protected western snowy plover (plover; Charadrius
nivosus nivosus), causing low nest and chick survival in some breeding areas along the Pacific
coast of North America. We used a long-term dataset from a breeding snowy plover monitoring
program in Point Reyes National Seashore (PRNS) to investigate potential impacts of ravens
on snowy plover nest and fledging success. Between 2002 and 2020, ravens accounted for
33.7% of all plover nest failures and 40.8% of unexclosed plover nest failures. Raven activity
varied by plover breeding site, with more ravens observed per survey hour at Kehoe Beach
and the Abbotts Lagoon restoration area, sites that had lower fledge success than other
breeding areas. Binomial generalized linear mixed models found that plover nest success was
best explained by raven activity (negative relationship) and use of nest exclosures (positive
relationship). Our model results on snowy plover fledge success were less apparent, resulting
in difficult management planning for this vital rate when using exclosures. Furthermore, nest
exclosures were effective in increasing long-term snowy plover nest success in an ecosystem
inundated by high raven activity. Evidence from PRNS and other plover breeding sites along
the Pacific coast point to long-term negative impacts from ravens.

Key words: Charadrius nivosus, common raven, Corvus corax, depredation, fledge success,
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Populations of the common raven (raven;
Corvus corax) have increased in abundance and
distribution throughout North America due to
being a highly adaptable, intelligent, and synanthropic generalist (Webb et al. 2011, Howe et
al. 2014, Harju et al. 2021). Ravens have benefited from increasing anthropogenic landscape
modifications, not only increasing population
sizes, but causing influx in numbers and expansion into habitats previously uninhabited by
ravens (Marzluff and Neatherlin 2006, Peery
and Henry 2010, Coates et. al 2020). As humans
continue to alter landscapes and populate more
natural areas, ravens will continue to benefit
from such ecosystem changes and potentially
negatively affect sensitive and protected species as a generalist predator (Webb et al. 2011,
Howe et al. 2014, Coates et al. 2020).
The dramatic increase in raven population
numbers has negatively affected native species

such as the western snowy plover (plover; Charadrius nivosus nivosus; Hardy and Colwell 2012,
Colwell et al. 2019), greater sage-grouse (Centrocercus urophasianus; Coates et al. 2020), desert
tortoise (Gopherus agassizii; Berry et al. 2020),
and many other species (U.S. Fish and Wildlife
Service [USFWS] 1985, Scott and Morrison 1990,
Singer et al. 1991, Snyder and Snyder 2000, Kelly et al. 2005, Peery and Henry 2010, Carle et
al. 2017). As ravens are supplemented by reliable anthropogenic resources, they can move
into adjacent habitats and depredate nests, juveniles, and adults of sensitive and endangered
species (Kristan and Boarman 2003, O’Neil et
al. 2018, Harju et al. 2021), potentially affecting
long-term productivity (Kelly et al. 2005, Colwell et al. 2019, Coates et al. 2020).
The Pacific coast population of the western
snowy plover is a federally threatened species
listed in 1993 with 3 identified limiting fac-
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tors preventing population recovery: habitat
loss and degradation, human disturbance, and
depredation (USFWS 2007). Ravens are the primary cause for both chronic nest loss and low
chick survival among sites across their range
along the Pacific coast of North America (USFWS 2007, Colwell et al. 2019, Colwell and Haig
2020). In Humboldt County of northern California, USA, ravens are responsible for chronically low reproductive success among many
beach sites (Burrell and Colwell 2012, Colwell
et al. 2019), such that the breeding population
is considered a sink population and relies on
immigrants from other, more productive sites
(Eberhart-Phillips and Colwell 2014, Colwell
et al. 2017). In Point Reyes National Seashore
(PRNS), ravens have been a documented concern for plovers since the initiation of the plover
monitoring program in 1996 (Lau 2021). Raven
depredation pressure on plover nests prompts
park biologists to heavily rely on nest exclosure
use to artificially increase nest success, despite
concerns in potentially increasing adult mortality and nest abandonment (Neuman et al. 2004,
Hardy and Colwell 2008, Dinsmore et al. 2014).
Nest exclosures are a commonly used
predator management tactic for snowy plovers
and many other shorebird species, primarily
to increase nest success (Isaksson et al. 2007,
Hardy and Colwell 2008, Dinsmore et al.
2014). Nest exclosures are largely successful in
increasing daily nest survival for plovers and
have been used extensively across their Pacific
coast range (Dinsmore et al. 2014, Lau 2021,
Neuman et al. 2021), despite several studies with
conflicting results (Murphy et al. 2003, Hardy
and Colwell 2008, Burns et al. 2013, Gaines et
al. 2020). Nest exclosures may increase the risk
of nest abandonment and adult mortality, the
latter being a sensitive population vital sign,
thereby potentially compromising population
recovery (Eberhart-Phillips and Colwell 2014).
Considering these tradeoffs, more research is
needed to examine the efficacy of these nest
exclosures in increasing long-term productivity
(Smith et al. 2011), particularly in areas with
high raven densities like PRNS (Roth et al. 1999,
Roth et al. 2004).
Past research has shown that higher densities of ravens can be found on the outer coast
of PRNS than inland sites, predominantly due
to ranching activities in the park (Roth et al.
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1999, Kelly et al. 2002). Ranching operations
have been shown to support raven populations
at the park by fragmenting coastal scrub and
native dune habitat and providing an assured,
supplementary food source in the form of carrion, maggots associated with domestic cattle
(Bos taurus) carcasses, afterbirth, and dung
beetles (Scarabaeidae; Roth et al. 1999). Ravens
also obtain grain at feedlots, either directly
from troughs or from cattle manure, and water subsidies from cattle troughs or stock ponds
(Roth et al. 1999, Coates et al. 2016). Ravens forage in silage fields after annual harvests, often
in large aggregations, where machinery has exposed snakes, bird nests, small mammals, and
insects (DiGaudio et al. 2015). The abundant
and reliable food sources provided within the
park supplements large raven population sizes,
with the consequent negative effects on breeding plovers in adjacent habitats (Lau 2021).
While there has been extensive investigation
into the limiting factors for plovers in other
populations along the entire Pacific coast, including raven activity (Dinsmore et al. 2014,
Colwell et al. 2019, Neuman et al. 2021), there
has been no published research examining the
effects of ravens on this small, local population of breeding plovers in PRNS. Furthermore,
there has been no research investigating the effects of nest exclosures, relative to the impacts
by ravens, on long-term productivity of snowy
plovers in PRNS. Here, we used a long-term dataset to summarize the impacts of ravens and
nest exclosures on plover reproductive success
(i.e., nest and fledge success) and sought to
explore if there were detectable statistical relationships between plover productivity related
to raven activity that varied spatially and over
time in PRNS. We hypothesized that raven activity negatively impacted both plover nest success and fledging success, while nest exclosures
increased plover nest success in PRNS. We predicted raven activity varied by site, consequently affecting plover reproductive success by site.

Study area

Point Reyes National Seashore, a unit of the
National Park Service (NPS), is located north of
San Francisco Bay in Marin County, California.
The seashore includes 72.5 km of coastline and
28,751.3 ha of land, of which approximately
12,949.9 ha are within designated wilderness.
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Figure 1. Western snowy plover (Charadrius
nivosus nivosus) breeding areas within Point Reyes
National Seashore, Marin County, California, USA.

Plovers have bred on ocean-fronting beaches
in the northern section of PRNS: Limantour
Beach, Drakes Spit, and the Great Beach (Figure
1). The Great Beach can be further separated
into different sites, from south to north: South
Beach, North Beach, NP Beach, the Abbotts
Lagoon restoration area, and Kehoe Beach
(Figure 1). The Great Beach is intersected in
4 places by human access points: 2 walk-in
trails (Kehoe Creek and Abbotts Lagoon) and
2 parking lots (North Beach and South Beach).
Plovers have been observed breeding on
Limantour Beach beginning in 2015, after a 15year absence, from the parking lot west to the end
of the spit where the mouth of Drakes Estero meets
Drakes Bay (Figure 1). Limantour Beach is dunebacked and open near the mouth of Drakes
Estero. Although Drakes Spit is listed as critical
habitat in the species recovery plan (USFWS
2007), plovers have not been observed breeding
at that site since monitoring of the population
began. Drakes Spit is a large, open sandbar that
juts out from the opposite side of Limantour
Spit (Figure 1). The Abbotts Lagoon restoration
area was created in 2011, following intensive
native dune restoration efforts adjacent to NP

Beach; this new site created a 101.2-ha natural
dune environment (Parsons et al. 2020).
Plovers have historically bred on all sites
along the Great Beach (South Beach, North
Beach, NP Beach, and Kehoe Beach) since the
1980s, though most breeding activity occurs on
NP Beach and Kehoe Beach. All sites are characterized by ocean-fronting sandy beaches with
scattered driftwood and ocean wrack. Dunes
and foredunes consist of both native and nonnative vegetation: European beachgrass (Ammophila arenaria), European searocket (Cakile
maritima), iceplant (Carpobrotus edulis), beach
pea (Lathyrus littoralis), yellow sand verbena
(Abronia latifloia), beach bur (Ambrosia chamissonis), beach saltbrush (Atriplex leucophylla),
beach morning glory (Calystegia soldanella),
Tidestrom’s lupine (Lupinus tidestromii), and
American dunegrass (Leymus mollis). Nearly all
dunes along ocean-fronting beaches in PRNS
are dominated by the invasive European beachgrass, reducing suitable breeding habitat for
plovers (USFWS 2007).
Point Reyes National Seashore is also known
for the continuation of multi-generational
beef and dairy cattle ranching within the park
boundaries as authorized at the discretion of
the Secretary of the Interior in the enabling legislation of the park in 1962. The NPS currently
manages approximately 7,284.3 ha of ranching at Point Reyes, which includes 5 dairies.
Ranching does not occur in the Limantour area,
but all plover nesting areas on the Great Beach are
adjacent to dairy or beef operations beyond the
back dunes.

Field methods

Methods

Breeding season surveys for plovers typically
began by March 15 of every year and ended
by September 30 when the last broods fledge.
Surveys were conducted by NPS and Point
Blue Conservation Science biologists. All sites
(Kehoe Beach, NP Beach, Abbotts Lagoon restoration area, North Beach, South Beach, and
Limantour Beach) were surveyed at least twice
a week, dependent on the amount of plover
breeding activity discovered (Figure 1). Drakes
Spit was surveyed 2–3 times a season due to the
lack of any sign of nesting activity at that site
in the past decade. Nest searching involved 3
methods: (1) systematically searching areas
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where plovers are likely to nest, (2) watching
adult plovers for behaviors indicating they are
associated with a nest (i.e., head-bobbing, alertness of the biologist, or distraction displays),
and (3) following plover tracks in the sand (Adams et al. 2014). Once a nest was found, we recorded Universal Transverse Mercator (UTM)
coordinates and the nest was checked 2–3 times
a week to monitor daily survival.
We determined causes of nest loss based on
direct observation or indirect evidence at the
nest site. Direct observation of nest predation
was very rare. Indirect evidence of nest depredation included predator tracks at nest microsite and presence of eggshell fragments and/or
yolk. Ravens often leave obvious tracks at depredated plover nests (Lau 2021), though shifting sands can cover tracks over time. Evidence
of nest loss due to tidal over-wash included:
no eggs present in nest cup or eggs are found
scattered outside of the nest cup and the most
recent high tide line had surpassed the nest
site. When nests were lost due to wind events,
eggs were covered by windblown sand or other
beach debris and often felt cold. Nests were
determined to be abandoned when intact eggs
remained in the nest cup but there was a disappearance of adult activity at the nest well before
the estimated hatching date (and there was no
evidence of tidal over-wash or windblown sand
covering the eggs). If there were no obvious raven or other predator tracks at the nest, in addition to no other obvious signs of the cause of
nest loss, we then classified the nest as failed
due to unknown causes. Nests were considered successful if at least 1 egg hatched from
the nest.
Once a nest hatched, adult females generally
departed and found a new mate, leaving the responsibility of care for the brood to the adult
male; it takes approximately 28 days to raise
the chicks to fledge. We monitored adults and
chicks 2–3 days a week, generally between 0700
and 1600 hours. If a chick survived 28 days after hatching, they were considered fledged and
were no longer monitored (Adams et al. 2014).
We initiated a chick banding program in 2015 to
improve our assessment of fledge success. Prior
to 2015, biologists relied on observing banded
males with unbanded chicks and proximity to
nest sites to estimate fledge success. Once nests
hatched, we banded chicks uniquely to brood
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using 3 colored plastic XCLD Darvic 3.1 mm
bands (Avinet Research Supplies, Portland,
Maine, USA), 2 bands on the right leg and 1
band on the left leg. We placed a single USFWS
metallic band (size 1P) on the lower left leg, and
violet tape was welded onto the band. Fledge
success data pre- and post-2015 were not treated separately for analyses.
We deployed nest exclosures on some plover
nests on all sites where they bred in PRNS in
all years (2002–2020). Nest exclosures were deployed in a non-systematic, non-experimental
manner. We decided to use them on a case-bycase basis, dependent on: our qualitative assessment of how many ravens were consistently in
the area, an assessment of nest survival within
the breeding season, and if the nest had at least
2 eggs (plovers lay a 3-egg clutch) to reduce risk
of abandonment by the adults.
Between 2002 and 2011, we used large 3 x 3-m
square exclosures made of wire mesh with 5 x
10-cm openings that allowed incubating adults
enough space to freely move in and out of the
nest exclosure but prevented most predators
from depredating the nest. The bottom 10
cm of the exclosure was buried into the sand.
Beginning in 2012, we began using circular
nest exclosures to reduce potential plover adult
depredation. These exclosures were made with
wire fencing and were round with a diameter
of 1.8 m, were 1.5 m tall, and had 5 x 10-cm
openings (Lau et al. 2017). At least 10 cm of the
bottom part of the nest exclosure was buried
into the sand to prevent burrowing predators
from accessing the nest. The top of the nest
exclosure was covered by 10 x 10-cm crowmesh netting.
Beginning in 2002, ancillary predator surveys were conducted between 0700 and 1600
hours during breeding plover surveys to monitor predator activity and distribution within
breeding areas. Data were collected on the
following predators: ravens, American crows
(Corvus brachyrhynchos), coyotes (Canis latrans),
red-tailed hawks (Buteo jamaicensis), northern
harriers (Circus hudsonius), dogs (Canis lupus
familiaris), and humans. We collected predator
data (i.e., the number of predators and a geographic coordinate) for every instance a predator passed observers at a 90° angle on the beach,
including up to 75 m into the dunes or over the
ocean water. Predators that flush in any direc-
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Table 1. Ranking of competing binomial generalized linear mixed models explaining nest and
fledging success for western snowy plovers (Charadrius nivosus nivosus) in Point Reyes National
Seashore, California, USA, 2002–2020. All models included random intercepts for site.
K

ΔAICc

ω

Σω

R2

Year + exclosed + ravens + site

8

0.0

0.28

0.28

0.23

Year + exclosed + site

7

0.4

0.23

0.5

Year + exclosed * ravens + site

9

1.3

0.15

0.65

Model

Covariates

Nest success

Random
slope

Year + exclosed + ravens + site

Ravens

9

2.1

0.1

0.75

Year + exclosed + ravens + site

Year

9

2.1

0.1

0.84

7

2.6

0.07

0.92

Exclosed + ravens + site

10

3.4

0.05

0.97

Year + exclosed * ravens

Year + exclosed * ravens + site

Ravens

6

4.5

0.03

1

Exclosed + site

6

13.2

0

1

Year + ravens + site

7

56.4

0

1

Year

3

59.6

0

1

Ravens + site

6

63.6

0

1

Site
Fledge success

5

71.5

0

1

Year + exclosed * ravens + site

Year

10

0.0

0.43

0.43

Year + ravens + site

Year

8

2.2

0.15

0.58

Year + exclosed + ravens + site

Year

9

3.5

0.07

0.65

Exclosed * ravens + site

8

3.9

0.06

0.71

Year + exclosed + site

7

3.9

0.06

0.77

Year + exclosed * ravens + site

9

4.0

0.06

0.83

Ravens + site

6

4.6

0.04

0.88

Exclosed + site

6

5.3

0.03

0.91

Site

5

5.5

0.03

0.93

Exclosed + ravens + site

7

5.5

0.03

0.96

Year + ravens * exclosed + site

Ravens

10

6.2

0.02

0.98

Exclosed + ravens + site

Ravens

8

7.6

0.01

0.99

Year

19

8.1

0.01

1

9

10.6

0

1

Year + exclosed * ravens * site
Exclosed * site

tion from a stationary position in response to
the observers were also counted.
Lethal removal of ravens occurred between
2010 and 2020 in PRNS: U.S. Department of Agriculture Wildlife Services conducted removal
between 2010 and 2018, before the responsibility was passed on to NPS employees in 2019.
No more than 10 ravens were removed from
the park each year, and we did not observe
any noticeable effects during plover breeding
surveys (Lau 2021), likely due to the enlarged
and dense population of ravens residing in the

0.33

beach-adjacent ranchlands and pastures (Roth
et al. 1999, DiGaudio et al. 2015). Therefore, we
did not include this aspect of predator management in our analyses.

Statistical analysis
We collated plover productivity (i.e., nest
and fledge success) data for every known nest
from 2002 to 2020, including general nest site
location, number of eggs in each nest, number
of chicks that hatched, number of chicks that
survived to fledge, and whether the nest was
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Figure 2. Causes of complete western snowy plover (Charadrius nivosus nivosus) nest loss between 1996
and 2020 in Point Reyes National Seashore, Marin County, California, USA. “Other predator” includes
members of Family Rodentia, northern harrier (Circus hudsonius), dogs (Canis lupus familiaris), and
humans. “Unidentified predator” describes causes of nest lost where eggs were clearly depredated but no
predator species was conclusively identified. “Environmental” includes nests lost to extreme wind events
and tidal over-wash.

exclosed. We organized these data by year
and survey site, which served as our data
points. The raven independent variable was
represented by the raven activity index, which
we calculated as the average number of ravens
observed per survey hour by site and year.
We grouped exclosure type (i.e., square and
circular exclosures) as a categorical variable
(i.e., exclosed or not exclosed) because we did
not believe there were detectable differences in
plover productivity between exclosure types.
We ranked competing binomial generalized
linear mixed models (GLMM; i.e., logistic
regression; Bates et al. 2015), explaining either
nest success or fledging success related to
year, site, the raven activity index (i.e., ravens
observed per survey hour over the season),
and whether a nest was exclosed; we ran all
models using Program R (R Development Core
Team 2017). We developed competing models
(Table 1) from our hypothesized effects of the
covariates on nest and fledging success. All
models included a random intercept for site,
and some included random slopes between
site for the raven activity index or year to
account for within group variances. We report
probabilities and odds ratios of hatching or
fledging success related to the covariates.
We used an information-theoretic approach
to evaluate and rank models using Akaike’s

Information Criterion adjusted for small sample
sizes (AICc) and include model weights (ω)
and R2 (Burnham and Anderson 2002, Lüdecke
et al. 2020). We did not use statistical exposure
models because these data were not in a format
available at the time of this study.
Similar to Coates et al. (2020), we calculated
a general ecological threshold where raven activity is predicted to have a negative impact on
nest survival. We estimated overall study hatch
and fledge success rates from null generalized
linear mixed models with site as a random effect. We then compared these global means to
GLMM results for hatch and fledge success
related to raven activity. Where these lines intersect is a rough estimate of the raven activity where plover success drops below average
regional success, suggesting an impact from
ravens. This value is biased downwards since
many nests are lost to ravens, but nonetheless
provides guidance for lesser and greater raven
impacts at the population level.

Results

Between 2002 and 2020, biologists have found
_
566 plover nests (x = 29.8, SD = 12.9), observed
_
859 hatched chicks (x = 45.2, SD = 18.2), and
_
counted 293 total fledglings (x = 15.4, SD = 5.6).
We monitored 382 exclosed nests (67.5%) and
184 unexclosed nests (32.5%). We confirmed

Raven impact on snowy plover breeding population • Lau et al.

Figure 3. (A) Annual rate of common ravens
(Corvus corax) observed per survey hour per site
averaged between March and September 2002–
2020; (B) annual western snowy plover (Charadrius
nivosus nivosus) nest success by site; and (C)
annual western snowy plover fledge success by
site. Points are randomly jittered to avoid overlap.
Numbers report sample sizes per group.
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75 plover nests (13.3%) were depredated by
ravens; they accounted for the depredation of
40.8% of all unexclosed plover nests, compared
to 0% of exclosed plover nests. Ravens were the
primary cause of nest failure when compared
to other causes of nest loss (e.g., coyotes, nest
abandonment, tidal over-wash), accounting for
33.7% of all plover nest failures between 2002
and 2020 (Figure 2). Ravens were responsible
for 18.2–72.7% of all failed nests between 2014
_
and 2020 (x = 38.8%, SD = 18.39). To the best of
our knowledge, ravens did not depredate any
plover nests between 2012 and 2014, likely due
to the smaller breeding plover population in
those years (Lau 2021).
Kehoe Beach and the Abbotts Lagoon restoration area generally had far more ravens sighted
per hour each year than NP Beach and Limantour Beach (Figure 3A). The NP Beach and Kehoe Beach sites had the most nests (both successful and unsuccessful; Figure 3B), and nests
at Limantour Beach and NP Beach, which had
the lowest raven activity, had the highest fledge
success.
Nest success was best explained by the additive effects of year, exclosure status, raven
activity, and site with most of the top models
including ravens (Tables 1 and 2). Probability of
hatching was consistently higher at all sites for
exclosed nests and declined with increasing raven activity (Figures 4A and 4B). Hatching success also increased slightly over time; Limantour Beach and NP Beach generally had lower
hatching success than Kehoe Beach or Abbots
Lagoon restoration area (Figure 4B), but higher
fledging success.
Patterns in fledging success were less apparent
than for nesting success (Table 2). Except for a
paradoxical increase in fledging success with increasing raven activity primarily on unexclosed
nests (Figures 4C and 4D), 90% confidence intervals generally encompassed no effect (i.e., zero).
Nonetheless, there was a slight benefit to fledging for exclosed nests (Figure 4D).
Overall hatch success estimated by null
GLMMs was 0.62 (SE = 0.56–0.68). Overall
fledge success estimated by GLMMs was 0.60
(SE = 0.45–0.73; Figure 4). On Limantour Beach
and NP Beach sites, the probability of a nest
hatching for unexclosed nests fell below this
ecological threshold (i.e., overall estimated
hatch success) regardless of raven activity level
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Table 2. Coefficients from the best fitting models
(Table 1) for nest and fledge success of western
snowy plovers (Charadrius nivosus nivosus) in
Point Reyes National Seashore, California, USA,
2002–2020. L = Limantour Beach; NP = north of
parking lot; RA = restoration area.
Model

Variable

Coefficient

Nest
success

Intercept

0.23 ± 0.86

Year

0.05 ± 0.03

Exclosed

1.52 ± 0.21

Ravens

-0.28 ± 0.18

Site L

-1.05 ± 0.72

Site NP

-0.97 ± 0.51

Site RA

0.31 ± 0.55

(Intercept)

1.4 ± 1.34

Fledge
success

Year

-0.01 ± 0.08

Exclosed

0.72 ± 0.5

Ravens

0.45 ± 0.3

Site L

-0.37 ± 1.36

Site NP

-2.56 ± 1.2

Site RA

-2.44 ± 1.27

Exclosed * ravens

-0.58 ± 0.25

(Figure 4A). In comparison, probability of nest
hatch was slightly better for unexclosed nests
at Kehoe Beach and Abbotts Lagoon restoration area sites relative to the ecological threshold (Figure 4A). We did not further examine an
ecological threshold for fledge success since
raven-fledge success patterns were not clear
and models portrayed an insignificant positive
relationship between the 2 variables.

Discussion

Ravens were negatively impacting the PRNS
plover breeding population from 2002 to 2020.
Our results suggest that ravens were a predominant cause of nest loss, raven activity varied by
plover breeding site, and that there was a negative relationship of plover nest success with raven activity. We demonstrated the importance
of using nest exclosures to improve plover
nest success in an area with high raven abundance and activity (Roth et al. 1999, Lau 2021).
These results provide evidence and support for
the continued use of nest exclosures to reduce
the impact of ravens and increase plover nest
success in the park. However, the relationship

between plover fledge success and raven activity appeared unclear, unlike studies elsewhere
(Colwell et al. 2019).
We found nest success declined with increasing raven activity in our models. Ravens accounted for the failure of 33.7% of all plover
nests and 40.8% of all unexclosed plover nests
in PRNS between 2002 and 2020; additionally,
model estimates for probability of hatch for unexclosed nests fell below our estimated ecological threshold for many breeding sites. These
points of evidence support the continued use of
exclosures to improve plover nest success, particularly in areas with high raven activity. Ravens have similarly been shown to negatively
affect plover nest success elsewhere along the
Pacific coast (Colwell et al. 2019, Neuman et
al. 2021). Between 2007 and 2019 in Monterey
Bay, California, ravens accounted for the loss of
9–13% of all known plover nests and the cause
of loss for 20–27% of all failed nests. Ravens
continue to be the main cause for long-term low
hatch rates and below average productivity in
Monterey Bay despite annual predator removal
efforts near plover breeding areas (Neuman et
al. 2021). In northern California, research has
shown that plover nest predation rates correlated positively with corvid activity (Burrell and
Colwell 2012). These points of evidence support the need for predator management tactics,
like nest exclosures, in areas with high raven
activity that may significantly affect plover nest
success, like those populations in PRNS and
elsewhere.
The power of the covariates to explain fledge
success is limited, and the data have considerable limitations. First, while raven activity and
exclosures were the most important variables,
the models explained little variation in the data
and therefore unmodeled processes that may or
may not be related to ravens driving the patterns in plover fledge success. Unlike Colwell
et al. (2019), which found a negative relationship between plover fledge success and raven
activity, we did not include variables on human
disturbance and plover food availability, which
both likely affect plover nesting and fledging
success. Paradoxically, our models showed an
increase in fledge success for unexclosed nests,
with an increase in raven activity, though the
covariate was not in the top model. One possibility is that if an unexclosed plover nest sur-
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Figure 4. (A) Probability of a western snowy plover (snowy plover; Charadrius nivosus nivosus) nest hatching for exclosed and unexclosed nests with common raven (raven; Corvus corax) activity (average number of ravens observed per survey hour) by site. The dashed line represents the global mean snowy plover
hatch rate; (B) odds ratios of coefficients explaining western snowy plover hatch success; (C) probability of
fledging for exclosed and unexclosed western snowy plover nests with raven activity by site. The dashed
line represents the global mean snowy plover fledge rate; (D) odds ratios of coefficients explaining western
snowy plover fledging success. All confidence intervals are 90%.
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vived to successfully hatch, ravens may not be
cuing in on that nest area and thus the chicks
that subsequently hatch, increasing their potential to successfully survive 28 days to fledge.
Although we were not able to detect a significant relationship between plover fledge success
and raven activity, we did find that 2 breeding
sites with the lowest raven activity (Limantour
Beach and NP Beach) had the highest fledging
success of all sites.
Other studies have found negative relationships between fledge success and ravens (Dinsmore et al. 2017, Colwell et al. 2019). Very
few breeding sites (23%) in Humboldt County
in northern California averaged fledging >1
chick per adult male (Colwell et al. 2019), an
important metric for delisting the Pacific coast
subpopulation (USFWS 2007). The number of
fledglings per adult male in PRNS has similarly been low in recent years, coincident with
increasing raven nest depredation events, only
having been higher than the 1.0 threshold for
an increasing population for 2 out of the past 7
breeding seasons (Lau 2021).
Local extirpation of breeding plovers by ravens has occurred in PRNS, providing further
evidence of negative impacts on nest and fledge
success. In 1989, biologists from Point Reyes
Bird Observatory (now known as Point Blue
Conservation Science) observed plovers move
20 km to a new site, within season, due to high
raven depredation pressure. More recently,
when plovers began nesting in the newly restored native dune area of Abbotts Lagoon in
2012, ravens began utilizing the site for foraging, and numbers exponentially increased in
following years (Lau 2021). The number of ravens observed per survey hour dramatically
increased beginning in 2015 from 1.4 observed
per survey hour to 11.0 ravens observed per
survey hour in 2019. Plover nesting activity
peaked in 2015 and began declining as plovers
began moving to more productive sites in response to low nest success due to raven depredations (Lau 2021). Local extirpations of breeding plovers have been shown in Monterey Bay
as well: raven depredation pressure has likely
caused plover movements from local (1–5 km)
to regional (10–30 km) scales (Point Blue Conservation Science, unpublished data).
Plover nest success in PRNS has benefited
from the use of nest exclosures. This predator
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management technique is widely used across
the range of the western snowy plover with
the goal of increasing nest hatch rates, despite
potentially increasing the risk of nest abandonment and adult mortality (Neuman et al. 2004,
Hardy and Colwell 2008, Dinsmore et al. 2014).
Past research has shown that a decline in use
of nest exclosures in a large breeding population is linked to an increase in adult survival
between 1990 and 2014 (Gaines et al. 2020).
In PRNS, we have observed a few incidents
of adult mortality likely connected to the use
of nest exclosures (e.g., a pile of plover feathers
from a depredated adult in front of an exclosure
or nest abandonment likely due to the loss of a
depredated banded adult). These plover predation-exclosure events have been linked to raptors (e.g., great-horned owl [Bubo virginianus],
northern harrier, and peregrine falcon [Falco
peregrinus]) keying in on exclosures and occur in areas with abundant raptor populations
foraging in beach habitats (Hardy and Colwell
2008, Dinsmore et al. 2014, Lau et al. 2017). For
example, we have observed a great-horned owl
trapped inside a nest exclosure, having depredated the nest but fortunately missed the adult
plovers (Lau et al. 2017). It is possible that PRNS
does not have a similar abundance of raptor
species utilizing plover breeding habitats, and
nest exclosures consequently do not have the
same negative effects on adults like in other
breeding areas. Thus, the tradeoff between effectively increasing nest success and increasing
the risk of adult plover mortality may not be a
primary concern for PRNS. With the findings
from this study, it is apparent that we need to
continue the use of exclosures for the purpose
of bolstering plover hatch rates in areas with
high raven activity.
We were unable to use advanced exposure
models to relate raven activity and plover productivity due to the unavailability of nest and
brood check data. Consequently, there should
be cautious interpretation of our logistic modeling results. The GLMMs with binomial error
structure that we used for our analysis potentially overestimated nest success, whereas
a more robust exposure model would have
accounted for nest exposure time, likely providing more accurate nest survival estimates
(Coates and Delehanty 2010). Furthermore, the
implementation of nest exclosures to protect
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plover nests was not designed experimentally;
rather, they were used on a case-by-case basis,
which may bias the modeling results. Further
research in PRNS should address these issues
when examining raven impacts and exclosure
efficacy.
In response to the large numbers of ravens
observed on breeding plover surveys and low
hatch rates early in the PRNS monitoring program, biologists began implementing several
predator management actions. Raven management actions in PRNS have included: nest exclosures, very limited lethal removal of ravens,
use of bald eagle (Haliaeetus leucocephalus) decoys and raven effigies to scare ravens away
from plover nesting areas, covered garbage
bins at beach parking lots and trailheads, covered cattle feed bins to prevent ravens from accessing grains, and prohibiting ranchers from
leaving cattle carcasses on site. Lethal removal
of ravens has been limited to <10 individuals a
year and is labor- and time-intensive. We also
have not observed any noticeable effects of
raven lethal removal, likely due to the sheer
population numbers of ravens within PRNS.
Biologists often observe raven flocks from 70–
100 individuals in areas adjacent to ranches (M.
Lau, personal observation). Decoys and effigies
are also limited in their effect, temporally and
spatially. Raven effigies may even be harmful;
an established effigy on NP Beach appeared to
have attracted more ravens to a plover nesting
area rather than deter them (M. Lau, personal
observation). At this time, nest exclosures are
the only truly effective raven management tool
in PRNS, as demonstrated in this study, especially considering that the probability of nest
hatch at most sites fall below our estimated
ecological threshold. However, it is important
that we continue to consider their potential
negative effects on adult mortality and nest
abandonment and continue to closely monitor
exclosed nests to ensure the safety of both eggs
and adults.
Despite these management actions, ravens
continue to have a negative impact on plover
productivity, warranting more focused efforts
in indirect raven management on ranching
operations, parking lots, and trails adjacent to
plover breeding areas. Furthermore, a predator management strategy embracing multiple
strategies is most effective (Dinsmore et al.
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2014) and is needed in PRNS to improve plover
productivity. Lastly, more research investigating raven ecology and potential management
actions are sorely needed to assist plover conservation efforts.

Management implications

Our study and past research indicate a growing body of evidence portraying the negative
impacts of ravens on plover productivity in
PRNS and at many other plover breeding sites.
Although our models explained little variation
in our data, they provide critical information
on the negative trends in both plover nest success and fledging success, very likely caused by
raven activity, with detrimental effects on local
plover population recovery. Without an intensive raven management program, localized
breeding populations such as the one in PRNS
could contribute to population-level declines.
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